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[57] ABSTRACT

The invention provides a method and installation for the
production of a desired fluorocarbon compound, which
includes the steps of providing a high temperature zone; and
feeding at least one input material into the high temperature
zonc to generate a body of hot gas including fluorne-
containing species and carbon-containing species. The
molar C:F ratio in the body of hot gas is controlled at a
selected value between about 0.4 and 2; and the specific
enthalpy of the body of hot gas is controlled between about
1 kXWh/kg and about 10 kWh/kg for a time interval, so that
a reactive thermal gaseous mixture forms, containing reac-
tive species including reactive fluorine-containing precur-
sors and reactive carbon-containing precursors. Thereafter
the reactive thermal mixture is cooled at a cooling rate and
to a cooling temperature selected to produce an end product
including the desired fluorocarbon compound. The input
material is typically a C,—C,, perfluoninated carbon com-
pound of the general formula C, F,, in which O<n=10, and
m=2n, Z2n+2, or 2n—2 where n>1, for example a gaseous
fluorocarbon such as tetrafluoromethane (CEF,).

24 Claims, 13 Drawing Sheets
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PRODUCTION OF FLUOROCARBON
COMPOUNDS

FIELD OF THE INVENTION

THIS INVENTION relates to a method for the production
of fluorocarbon compounds and to an installation and appa-
ratus for the production of fluorocarbon compounds. More
particularly, the invention relates to a method and to an
installation and apparatus suitable for the continuous selec-
tive production of desired fluorocarbon compounds with
mimmal eflfluent production.

According to one aspect of the invention there 1s provided
a method for the production of a desired fluorocarbon
compound, which mcludes the steps of:

providing a high temperature zonc;

feeding at least one mputl maicnal into the high tempera-
ture zonc with which to generate a body of hot gas
including fiuorine-containing species and carbon-con-
taining species;

controlling the molar C:F ratio in the body of hot gas at
a selected value between about 0.4 and 2;

controlling the specific enthalpy of the body of hot gas
between about 1 kWh/kg and about 10 kWh/kg for a
time interval to form a reactive thermal gaseous mix-
ture containing reactive species including reactive fluo-
rine-containing precursors and reactive carbon-con-
taining precursors; and

cooling the reactive thermal mixture at a cooling rate and
to a cooling temperature selected to produce an end
product including the desired fluorocarbon compound.
The C:F ratio 1in the body of hot gas will typically be

selected to permit optimal production of the said precursors
with optimal utilisation of energy.

Unless otherwise stated, the specific enthalpy indicated
herein pertains to the thermal gaseous mixture, and reflects
the value per kg of thermal gaseous mixture.

The 1nput material may be an 1nput gas stream and may
include at least one fluorocarbon compound. Thus, the input
material may include one or more fluorocarbon compounds
selected to provide the desired molar C:F ratio in the body
of hot gas, to enable the desired fluorocarbon end product to
be produced. The fluorocarbon compound may be a short
chain, typically C,—C,, perfluorinated carbon compound of
the general formula CF, in which O0<n=10, and m=2n,
2n+2, or 2n—2 where n>1, for example a gaseous fluorocar-
bon such as difluoroethyne (C,F,), tetrafluoroethylene
(C.F,, TFE), hexafluoroethane (C,F), hexafluoropropene
(C,F,), octafluoropropane (C,Fy), tetrafluoromethane (CF,),
or octafiuorobutene (C,Fg), or decafluorobutane (C,F,,).

The desired fluorocarbon compounds to be produced by
the method of the invention are typically C,—(C, tluorocar-
bons, such as tetrafluoroethylene (C,F,, TFE), hexafluoro-
ethane (C,Is), hexafluoropropene (C,F.), ociafluoropro-
pane (C5Fg), and tetrafluoromethane (CF,,
carbontetrafluoride).

It will be observed that some of the fluorocarbon com-
pounds specifically mentioned as desired fluorocarbon end
products, are the same compounds mentioned as possible
input fluorocarbons. The invention thus envisages providing
a method for efiiciently converting an available but undes-
ired fluorocarbon to another desired fluorocarbon com-
pound; and a method of converting a mixture of fluorocar-
bon compounds to one or more purified desired fluorocarbon
compounds.
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According to a further featurc of the invention, the

method may include the further step of:

introducing under controlled enthalpy conditions a par-
ticulate carbon-containing substance into the body of
hot gas to form in the reactive thermal gaseous mixture
reaclive precursors denved from the carbon-containing
substance. Where the input material contains a fluoro-
carbon compound, the reactive precursors may thus be
derived from the fluorocarbon compound and from the
particulate carbon-containing substance.

The method may accordingly include the steps of:

providing a high temperature zone;

directing an input gas stream containing at least one
fluorocarbon compound into the high temperaturc zone
to generate a body of hot gas;

introducing undcr controlled enthalpy conditions a par-
ticulate carbon-containing substance into the body of
hot gas to form a reactive thermal mixture having a

molar C:F ratio between about 0.2 and 4 and a specific
cnthalpy between about 1 kWh/kg and 10 kWh/kg;

controlling the said specific enthalpy for a time interval to
causc a reactive thermal gaseous mixturc to be formed,
said mixturc containing reactive species including
desired fluorine-containing and carbon-containing pre-
cursors derived from the at least one fluorocarbon
compound and the particulatc carbon-containing sub-
stance; and

cooling the reactive thermal mixture in a manner (o
produce a product mixture containing the at least one
desired fluorocarbon compound.

- The body of hot gas in the high temperature zone may be
provided by generating a plasma with the said input gas, eg
by generating an electrical arc in the said high temperature
zone between at least one pair of electrodes. The electrodes
may be substantially non-consumable electrodes, as herein-
after defined.

The reactive species formed in the body of hot gas will
depend on the composition of the input gas stream, the
nature of the particulate carbon-containing substance and
other factors. Furthermore, certain reactive species may
form 1n the body of hot gas even prior to the introduction of
the particulate carbon-contaiming substance, and further
reactive species may form after introduction of the said
carbon-containing substance. These reactive species will be
described in more detail further below. The reactive species
include certain desired precursors which, upon further reac-
tion under suitable conditions of rapid cooling to selected
reaction temperatures, will yield the desired fiuorocarbon
product(s).

As will be explained in more detail further below, the
manner in which the reactive thermal mixture, containing
amongst the reactive species the desired precursors, 1S
cooled will determine the end fluorocarbon product(s).
Accordingly, the cooling step preferably has a cooling rate,
a range of cooled temperatures, and a time period for which
the cooled thermal mixture 15 maintained at the range of
cooled temperatures all of which are selected to determine
the nature of the at least one desired fiuorocarbon compound
which 158 produced as an end product.

SUMMARY

The particulate carbon-containing substance may be
introduced into the body of hot gas, e.g., the thermal plasma,
in such a manner and under such enthalpy conditions as to
form a reactive thermal mixture containing reactive species
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including desired precursors and preferably having a specific
enthalpy of not less than about 3 kWh/kg. The particulate
carbon-containing substance may be preheated prior to
being introduced into the body of hot gas. The feed rate of
the particulate carbon-containing substance and its pre-
heated temperature may thus be controlled to provide a
reactive thermal mixture in which the carbon-containing
particles reach temperatures of between about 2000 K. and

3000 K.

The particulate carbon-containing substance may be
introduced directly into the body of hot gas in the high
lemperature zone, or it may be introduced into a mixing zone
for admxture with the body of hot gas emanating from the
high temperature zone.

Thus, the method may include the steps of:

providing a high temperature zone by providing an arc
between substantially non-consumable electrodes, and
a mixing zone in the vicinity of the high temperature
Zone;

feeding an input gas stream containing at least one
fluorocarbon substance into the high temperature zone
and generating a thermal plasma in the said zone
containing fluorine-containing species and carbon-con-
taining species;

controlling the molar C:F ratio in the thermal plasma at a
selected value between about 0.4 and 2;

controlling in the said high temperature zone the specific
enthalpy of the thermal plasma between about 1 kWh/
kg and about 10 kWh/kg;

mtroducing a particulate carbon-containing substance into
the mixing zone to mix with the thermal plasma while
maintaining the aforesaid C:F ratio to form a reactive
thermal mixture in which the carbon-containing par-
ticles reach temperatures of between about 2000 K. and
3000 K., said reactive thermal mixture containing reac-
tive species including reactive fluorine-containing pre-
cursors and reactive carbon-containing precursors and
having a specific enthalpy of not less than about 3

kWh/kg;

maintaining the reactive thermal mixture at the aforesaid
conditions for a time interval; and

rapidly cooling the reactive thermal mixture containing
the precursors in a cooling zone in a manner to produce
a product mixture containing at least one desired fluo-
rocarbon compound.

The mixing zone into which the particulate carbon-con-
taining substance may be introduced may form part of the
high temperature zone, or may be immediately adjacent the
high temperature zone. In a preferred embodiment, the high
temperature zone may be the zone in and around, and in the
immediate vicinity of, the arc of a plasma bumer, and the
mixing zone may be at the exit from the burner, ie in the area
of the tail flame of the burner.

The invention is based on the premise that fluorocarbons
such as tetrafluoroethylene (C,F,, TFE), tetrafluoromethane
(CF,), hexafluoroethane (C,F,) and hexafluoropropene
(C;F,) can be produced by heating a fluorocarbon substance,
preferably in the presence of carbon, to create a body of hot
gas with a controlled C:F ratio and a specific enthalpy of
between about 1 kWh/kg and about 10 kWh/kg, and rapidly
quenching the reaction mixture to a temperature below about
300 K. The high enthalpies required for the reaction may
generally be achieved by processes such as resistive heating
using graphite resistors, inductive heating of graphite using
radio frequencies, inductively or capacitively coupled
plasma generation, plasma generation by low frequency
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4

alternating current or plasma generation by direct current
with the use of different electrode systems, e.g., low con-
sumption intensely cooled carbon electrodes, or cooled
non-carbon electrodes, or intensely cooled non-carbon/car-
bon electrodes.

Thus, the objective of the invention is for a high tem-
perature plasma to be formed which contains reactive spe-
cies some of which will form, with carbon, the desired
reactive precursors, which precursors in the presence of
carbon during and after quenching will produce the desired
ftuorocarbon products.

Where the input gas with which the high temperature
plasma 18 generated, includes a fluorocarbon compound, the
following reactive species may be formed, namely CF.,
CF,, CE F, C and their ions.

On mixing the plasma gas with carbon particles, the
following reactive species may be formed, namely C (gas),
C (sol), C" (ion), C, (gas), C,F, (gas), C,F,, C,F,, C, (gas),
CF (gas), CF" (ion), CF, (gas), CF, (gas), CF, (gas), F (gas),
F~ (ion), and e (electron). Of these reactive species, the
following are the desired precursors for C,F, (TEE) pro-
duction, namely C,F,, CF,, CF;, CF and F. Accordingly, the
enthalpy of the body of hot gas, the C:F ratio in the body of
hot gas, and the prevalent pressure may be controlled to
promote the predominance in the reactive thermal mixture of
these reactive precursors.

In experimental procedures the process has been carried
out at pressures which range from 0.01 bar to 1.0 bar using
CF, as the input fluorocarbon compound and with direct
current (DC) plasma devices with uncooled carbon elec-
trodes and current fluxes which range between 40 and 120
A/cm?. Tt was found that such carbon electrodes sublime
when current above a certain level is passed through the
electrodes under certain conditions of temperature and pres-
sure, for example when current in excess of 100 A/cm? is
passed through the electrodes at atmospheric pressure and at
temperatures of about 4000 K. (This is itlustrated in and will
be further explained with reference to FIG. 35.) It was
further determined that the current level at which sublima-
tion of the carbon electrodes occurs decreases with decreas-
ing pressure, so that a measurable amount of carbon is
sublimed at a current above about 80 A/cm?® and at pressures
of about 0.01-0.1 bar; and that the sublimation temperature
of the carbon likewise decreases with decreasing pressure,
so that the sublimation temperature drops to about 3000 K.
at pressures of about 0.01-0.1 bar. (This will be illustrated
in and further explained with reference to FIGS. 27-30.)

It 1s believed that in the aforesaid experimental proce-
dures using CF, as the fluorocarbon starting material and
using direct current plasma generation with uncooled carbon
electrodes, the sublimed carbon from the electrodes provides
sufficient carbon required for an appreciable yield (about
80%) of TFE, thus causing the carbon electrodes to be
consumed rapidly. It 1s evident, therefore, that such a pro-
cedure does not readily lend itself to continuous operation.

The experimental work thus showed that the use of
plasma devices with uncooled carbon electrodes was
unpractical, since the electrodes were consumed, and it has
not been possible up to now to run the production process for
more than a few minutes.

The Applicant has found that plasma devices using sub-
stantially non-consumable electrodes can be used success-
fully to run the process for substantially longer periods, i.e.,
up to several hours. An important aspect that emerged from
the work done by the Applicant, demonstrates the need for
the electrodes to be made of materials showing good resis-
tance to chemical fluorine corrosion at elevated operational




5,611,896

S

temperatures, eg temperatures up to about 1300 K., and
coupled therewith, the need for the electrodes to be cooled
and even intensely cooled, to temperatures below about
1300 K. and 1n the case of graphite, to below about 800 K.

By substantially non-consumable eclectrodes is meant
electrodes which can operate for more than a few minutes
and up to several hours without being substantially con-
sumed, 1.e., without undergoing substantial deterioration
and/or erosion. Typically, cooled or even intensely cooled
metal electrodes such as copper or copper alloy electrodes
may be used, which may have inserts of suitable refractory
materials, such as carbon or graphite inseris. The inserts
may, instead, be of doped graphite or a high temperature
metal alloy comprising tungsten, thoriated tungsten, other
doped tungsten alloys, zirconium, hainium, hafmum car-
bide, tantalum, tantalum carbide or any other suitable high
temperature material. The electrodes are described 1n Turther
detail below. The electrodes may form part of a plasma
generating device, such as a high voltage DC plasma burner.
In what follows, the method of the invention will be
described with reference to the use of high voltage DC
plasma bumners as the means for generating a high tempera-
ture plasma. More than one, preferably three, such plasma
bumers may conveniently be provided, the plasma burners
having exit ports where tail flames will be formed, in a
conventional manner, and the burners being arranged to
extend into a mixing chamber forming part of a production
installation.

As 1ndicated above, the electrodes are preferably non-
consumable cooled metal electrodes, in some cases having
inserts such as of graphite. One reason why such electrodes
are preferred, apart from their relative longevity, is that no
or only little erosion of the electrodes occurs, so that no or

only hittle erosion products are formed, and blockage of the
burner exit ports 1s avoided. In experimental work, using

consumable carbon electrodes, it was found that the carbon
sublimed, and that solidification of the sublimed carbon took
place in the cooler exit port areas of the burner. The
solidified carbon formed a hard mass which caused blockage
of the exit ports of the burner, as well as fouling and
blockage of the gquenching means provided to effect rapid
cooling of the reactive mixture, as will be described in more
detail further below. Such carbon deposition and solidifica-
tion will thus impede and/or impair the continuous running
of the process.

With non-consumable electrodes, as envisaged by the
invention, €.g., cooled copper or copper alloy electrodes
having graphite inserts, it has become possible to run the
process for several hours, namely periods in excess of about
8 hours and up to about 3 days. This feature of the invention
creates the possibility of providing a viable commercial
production process for producing the fluorocarbon products
as descnibed herein, particularly TEE, in a manner permit-
ting recycling of byproducts with munimal waste efiluent
formation.

Where a plurality, for example three plasma bumers are
used, they may be arranged to extend into a mixing zone,
€.g., 1n the form of a mixing chamber, 1n such a manner that,
in use, their tail flames will extend into the mixing chamber
and so that an extended nigh temperature zone may be
established, surrounded by a mixing zone with a temperature
only slightly lower than that in the high temperature zone.

'The fluorocarbon compound in the input gas strcam may
be a compound such as CF, or C,F,, or mixtures thereof, or
it may be comprised of or inciude dilute mixtures of F, gas.
In practice, the preferred enthalpy level may have to be
adjusted depending on the composition of the input gas, to
ensure optimal operational and production efficiency.
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The particulate carbon-containing substance may be
introduced into the body of hot gas in finc particulate form,
e.g., having a particle size from about 10~ mm to about 0.3
mm. As already indicated, the feed rate 1s preferably regu-
lated to provide a molar C:F ratio 1n the reactive thermal
mixture of between about 0.4 and 2, and so that the carbon
particles in the thermal mixture will reach temperatures of
between about 2000 K. and 3000 K. The specific enthalpy of
the reactive thermal mixture 15 preferably maintained at not
less than about 3 kWh/kg. It will be evident that the enthalpy
(and thus the temperature) of the reactive thermal mixture
will depend inter alia on the temperature and the quantity of
the carbon particles added.

The particulate carbon-containing substance may be fed
into the mixing zone [rom a hopper, and may be preheated
in the hopper or between the hopper and the mixing zone,
before being ied into the mixing zone. The particulate
carbon-containing substance may be introduced into the
mixing zone at a rate of as low as 0.1 g/min for small scalc
operations, which rate may be increased for commercial
scale operations, to maintain the desired C:F molar ratio.
The substance may be particulate carbon. The carbon should
preferably be substantially pure, although it may contain a
small proportion of ash. In particular, the hydrogen, silicon
and sulphur content of the carbon should be as low as
possible. The carbon should preferably be substantially free
of hydrogen, silicon and sulphur.

The mixing zone will typically be at a pressure of about
0.01-1.0 bar. In the mixing zone a reactive thermal mixture
1s formed as a result of the reaction of the carbon with the
reactive species 1n the plasma, said reactive thermal mixture
containing desired reactive fluorine-containing and carbon-
containing precursors. When the reactive thermal mixture is
cooled rapidly, e.g., quenched, and 1s allowed to react for a
suitable period at the cooled temperature, the desired fluo-
rocarbon end products are formed. The rate of cooling, as
well as the temperature range after cooling and the reaction
time at the cooled temperature range will determine the end
products formed as well as the yields, as will be described
in more detail below.

The particulate carbon may, instead or in addition, be
introduced 1nto the high temperature zone, e.g., into the arc
area between the electrodes of the burner, provided the
problems of sublimation and subsequent solidification and
fouling referred to above can be successfully addressed. The
carbon 1s preferably introduced into the tail flame of the
plasma burner(s) which may be directed into the mixing
zone. To ensure optimum enthalpy conditions in the mixing
zone with minimal cooling of the plasma flame, the carbon
particles may, as indicated above, be preheated.

The particulate carbon-containing substance may instead
be or may include particulate polytetrafluoroethylene
(PTFE). The method may thus include the further step of
introducing into the high temperature zone, or into the
mixing zone, polytetrafluorethylene (PTFE), or mixtures of
PTFE and carbon. Where the further carbon-containing
substance 1s PTEFE, it is preferably fed into the mixing zone.
It will be evident that waste supplies of PTFE may be
utilised 1n this manner, so that PTFE wastes may be recycled
and reprocessed.

The method may, still further, include the step of intro-
ducing fluorine gas into the high temperature zone or into the
mixing zone. Thus, the input gas stream may include fluo-
rine gas, and the fluorine gas may for example be present in
an amount between about 5 and 30 mol % of the input gas.

The enthalpy condition of the reactive thermal mixture 1s
typically maintained at a specific enthalpy above about 1
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kWh/kg, and preferably not less than about 3 kWh/kg. As
indicated above, the carbon particles react with the reactive
species formed 1n the high temperature zone, while heat is
transterred to the carbon particles, to form inter alia desired
reactive fluorine-containing and carbon-containing precur-
sors in the reactive thermal mixture such as CF,, C,F,, CF,,
CF and F which, on cooling and further reacting, form
fluorocarbon compounds such as TFE, C,F, C;F,, C;F; and
CF,. By controlling the rate of cooling or quenching, the
effective range of quench temperatures, and the time period
for which the reactive mixture remains within the particular
range of temperatures after quenching, it is possible to
increase the yield of one or other of the above products. For
example, to obtain the maximum yield of TFE it is prefer-
able to cool the reactive precursors to below about 800 K. in
less than about 0.05 seconds. It is also possibie, for example,
to 1solate the reactive compound C,F, by cooling the
reactive precursors rapidly to below about 100 K. Generally,
the cooling of the reactive thermal mixture will take place
within a selected cooling period and to a selected range of
cooled temperatures, and the thermal mixture will be main-
tained within the selected range of cooled temperatures for
a selected period of time, and all of these parameters will be
selected to determine the desired fluorocarbon compound(s)
produced in the end product.

To enhance the yield of C,F, longer cooling times, of the
order of 0.05-3 seconds can be used. On the other hand if the
cooling is to a temperature above 800 K., for example a
temperature between about 1000 K. and 1200 K., the yield
of C;F, can be maximised. If the reactive precursors are not
rapidly cooled, the product is primarily CF,. The production
of CF, on a large scale can be achieved if fiuorine is fed into
the mixing zone during the production process.

The cooling step may be achieved in accordance with
conventional techniques, e.g., by using a cold wall heat
exchanger or a single- or multi-tube heat exchanger, or by
cold fluid mixing, or by combinations of the foregoing, or in
any other suitable manner. The heat exchanger used in the
cooling step should preferably be of a type which allows
cooling of the reactive precursors from about 2500 K. to
below about 800 K. in a very short time, typically less than
~ about 0.1 seconds. Where cooling or quenching is achieved
by cold gas mixing, the cold gas may be a fluorocarbon gas
~or a suitable inert gas.

Thus, the method may include the step of rapidly cooling
the reactive precursors in the cooling zone to a selected
temperature between about 100 K. and about 1200 K. at a
rate of between about 500 and 10° K/s, and allowing the
precursors to react at that seiected temperature for a suitable
time 1nterval, depending on the desired end product.

For example, the invention provides a method for pro-
ducing TFE by cooling the reactive precursors to below
about 800 K. in less than 0.05 seconds and allowing a
suitable reaction time, e.g., of about 0.01 seconds. It also
provides a method for producing C,F, by cooling the
reactive precursors 1o below about 800 K. in about 0,05-3
seconds and allowing a suitable reaction time; or for pro-
ducing C;F, by cooling the reactive precursors to between
about 800 K. and about 1000 K. in about 0.05-3 seconds and
allowing a suitable reaction time. The invention further
provides a method for producing C,F, by rapidly quenching
the reactive precursors to below about 100 K. and allowing
a suitable reaction time; or for producing CEF, by allowing
the precursors to react without quenching.

For example, when cold wall tubular heat exchangers are
used, optimum TFE yield may be obtained by the correct
choice of heat exchanger parameters such as tube diameter
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and length, temperature of cooling fluid, mass flux of the
process stream, eic. Generally, quench periods and the
aforesard cooled temperature may in practice be adjusted by
varying the mass flux through the heat exchanger and the
length of the heat exchanger. Preferably, a fixed wall heat
exchanger may be used, i.e., heat exchanger which operates
without the intermixing of a cooling fluid with the thermal
mixture, and in which a heat conductive separating wall is
provided between the cooling fluid and the thermal mixture.
This has the advantage of avoiding subsequent large scale
separation procedures.

The method may accordingly include the further step of
1solating at least one desired fluorocarbon compound from
the product mixture. Other components in the product mix-
ture may be separated and recycled.

The process may be carried out at an absolute pressure of

about 0.01-1.0 bar.

As indicated above, the rate of introduction of the par-
ticulate carbon and/or polytetrafluoroethylene (PTFE) and/
or fluorne-containing compound into the plasma should
preferably be such as to regulate the C:F ratio in the plasma
at a level between about 0.4 and 2.0 and preferably at about
1. Like the carbon, the PTEFE may be introduced in the form
of a powder having a particle size from about 10~ mm to 0.3
mm. Preferably the particle size is about 10> min.

The carbon and/or PTFE may be introduced into the
mixing zone by means of a gravity feed mechanism, or by
way of gas transfer, preferably using a portion of the input
gas stream as a flow transfer means. In practice, the pressure
in the carbon feed hopper may be reduced to a value below
the selected optimal pressure, say to about 1072 bar (abso-
lute), and thereafter the pressure may be increased and set at
the optimal level by introducing the fluorocarbon gas. As
indicated above, the temperature of the carbon and/or PTFE
particles may be adjusted prior to their introduction into the
mixing zone, to enhance the achievement and control of the
desired specific enthalpy, and to ensure optimum perfor-
mance.

Since the reaction between fluorine and carbon is highly
exothermic, 1t is possible to reduce the required energy input
by the controlled introduction of fluorine into the mixing
zone. Other methods may also be utilised to optimise energy
1nput.

Thus, the method may include the step of introducing
fluorine into the mixing zone. The fluorine may be intro-
duced as a mixture with a fluorocarbon gas. The amount of
fluorine in the mixture may be between about 5 and 30 mol
%.

It 1s important, when fluorine is introduced into the
system, to regulate the ratio between introduced fluorine,
introduced carbon and input gas to maintain the ratio of C:F
between about 0.4 to 2.0, preferably about 1, and the specific
enthalpy of the mixture between about 1 kWh/kg and 10
kWh/kg, and preferably about 3 kWh/kg in the case of a
fluorocarbon feed gas. The fluorine may, for example, be
iniroduced into the tail flame of the plasma burner(s).

The product mixture may include unreacted carbon-con-
taining particles. Thus the method may include a separation
step for removing solid particles from the product mixture,
€.g., by filtering the product mixture. The product mixture
may, for example, be filtered through a high temperature
filter such as a PTFE, a SiC or a metal filter. Naturally, any
other method of separation suitable for removing a solid
material from a gas stream may be used, such as cyclonic
separation.

The method may include the step of recycling the carbon-
containing particles removed in the separation step back to
the hopper.
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In practice, the method 1s preferably conducted 1n such a
manner to minimise ingress of N, or O, or water vapour,
which would result in the formation of unwanted and/or
unstable products.

Compounds such as HF or I, may be removed from the
product mixture before or after, but preferably after the
gas-solid separation step. Thus the method may include the
further step of passing the product through one or more
chemical or cold traps to remove impurities such as HE or

F,. For example, the product may be passed through a trap
containing carbon at a temperature typically of 700 K. to
remove F,, and a trap containing NaF to remove HF. The HF
may, instead, be removed by cooling the product to liquify
the HE Instead, fluoride impurities may be removed by
scrubbing with a dilute alkaline solution, preferably a KOH
solution, to remove reactive fHuorides from the gaseous
product.

The method may include the further step of compressing
the product gases. The product gases may be compressed to
a pressure below about 20 bar, preferably about 10 bar which
is high enough to allow distillation or membranc separation
of the components of the product gases under safe condi-
tions. The pressure should naturally be kept low enough to
inhibit or prevent spontaneous polymerisation of unsatur-
ated components of the product gases or the exothermic
conversion of TFE to carbon and CF,. The invention envis-
ages the addition of an inhibitor during the compression and
separation steps, to ensure safe operation.

Other purification procedures such as gas centrifugation
may, instead or 1n addition, be used.

The product gas will typically be stored 1n limited vol-
umes in pressurised tanks with the addition of a suitable
inhibitor, or it may be transferred to other plants tor further
chemical transformations, such as polymerisation, to pro-
duce PTFE. Unwanted product fluorocarbon gases may be
recycled for reuse in the mput gas stream.

According to another aspect of the invention, there 1S
provided an installation for the production of fluorocarbon
compounds, the installation including

a high temperature zone suitable for containing a body of
hot gas;

heat generating means to create a high temperature in the
high temperature zone, to convert an input material fed
into the zone into a said body of hot gas including
fluorine-containing species and carbon-containing spe-
cies;

input material feed means for introducing an input mate-

rial into the high temperature zone so that the input
maierial is converted to a said body of hot gas;

a reaction zone suitable to permit the body of hot gas to
form a reactive thermal gaseous mixture under con-
trolled enthalpy conditions and with a controlled C:F
ratio, said mixture containing reactive species includ-
ing reactive fluorine-containing precursors and reactive
carbon-containing precursors;

control means for controlling the specific enthalpy and the
C:F ratio in the reactive thermal mixture; and

cooling means for cooling the reactive thermal mixture in

a controlled manner to produce an end product con-
taining at least one desired fluorocarbon compound.

The 1installation may include further a mixing zone suit-

able for allowing the body of hot gas to mix with a

particulate material to form a reactive thermal mixture; and

particulate material introduction means for introducing
under controlled enthalpy conditions a said particulate
carbon-containing substance into the body of hot gas in

J

10

25

30

35

40

45

50

35

60

65

10

the mixing zone to form a said reactive thermal mixture
containing reactive species including reactive fluorine-
containing precursors and reactive carbon-containing
Precursors.

The heat generating means 1s preferably capable of gen-
crating a plasma with the said input gas stream. The heat
generating means may include at least one pair of substan-
tially non-consumable electrodes, located in the high tem-
perature zone¢ for generating an electrical arc. The arc may
be such as to heat the gas stream 1o create a plasma having
a specific enthalpy between about 1 kWh/kg and about 10
kWh/ke, preferably not less than about 3 kWh/kg. As
alrcady indicated, the ¢lectrodes are preferably non-consum-
able electrodes.

By non-consumable electrodes is meant electrodes as
described above which can operate for several hours without
being substantially consumed or showing substantial dete-
rioration and/or erosion.

The heat generating means may thus include at least one
plasma burner having a pair of substantially non-consum-
able electrodes selected from the group consisting of copper,
nickel, and copper/nickel alloy electrode, optionally with an
insert of the group consisting of graphite and doped graph-
ite; and in which cooling means is provided for cooling the
electrodes to and maintaining them at a temperaturc below
about 1300 K.

The mixing zone may form part of the high temperature
zone or may be immediately adjacent the high temperature
zone. In a preferred embodiment of the invention the instal-
lation may include at least one plasma bumer provided with

substantially non-consumable electrodes as herein
described. The high temperature zone may be the zone in

and around the arc generated between the electrodes of the
plasma bumer, and in the immediate vicinity of the arc. The
mixing zone may be at an exit from the burner, i¢ 1n the area
of the tail flame of the burner.

The 1nstallation may include a plurality, preferably three
plasma burners and the mixing zone may be a mixing
chamber, the burners being arranged to extend into the
mixing chamber in such a manner that in use their tail flames
extend into the mixing chamber, so that an extended high
temperature zone may be established, surrounded by a
mixing zone with a temperature only shghtly lower than that
in the high temperature zone.

The gas stream introduction means may be a vortex
generator, forming a part of the plasma burner, and the input
gas stream may be introduced into the high temperature zone
via the vortex generator. The installation may further include
a magnetic coil for generating a magnetic field around the
high temperature zone to cause the plasma to spin.

The particulate material introduction means for introduc-
ing the particulate carbon-containing substance into the high
temperature zone may be a hopper which may be designed
to deliver particulate material having a particle size from
about 107> mm to about 0.3 mm at a rate of as low as about
0.1 g¢/mm, to an increased rate as required by the operational
parameters and so as to maintain a suitable C:F ratio as
hereinbefore described. The hopper may be arranged to
introduce the particulate material into the mixing chamber,
e.g., into the tail flame of the plasma burner. It may, instead,
be arranged to introduce the particulate material into the arc,
although this is not preferred in view of the problems caused
by sublimation and subsequent solidification of carbon
masses, causing fouling and blockage, referred to hereinbe-
fore.

The installation may, further, include heating means
located between the hopper and the mixing zone for heating




5,611,896

11

the particulate carbon-containing material before it enters
the mixing zone. The installation may also be provided with
a vacuum pump for evacuating the installation to a pressure
of about 0.01-1.0 bar.

'The installation may include a heat exchanger, such as a
single- or multi-tube heat exchanger, or a cold fluid mixing
system, or combinations of different heat exchange systems.
The objective is to cool the reactive thermal mixture rapidly
and to maintain the product mixture at the cooled tempera-
ture for a suitable period of time, to produce a product
mixture containing one or more desired fluorocarbon prod-
ucts. The heat exchanger will preferably be of the type which
will cool the reactive thermal mixture from about 2500 K. to
below about 800 K. in a very short time, typically less than
about 0.1 seconds, and to maintain the product mixture at
that cooled temperature for a suitable time period.

The installation may, if desired, include fluorine introduc-
tion means for introducing fluorine into the tail flame of the
plasma burner or into the mixing zone. Because of the highly
exothermic nature of the reaction between fluorine and
carbon, 1t 1s possible to reduce the required energy input into
the system by the controlled introduction of fluorine into the
mixing zone.

The installation may, further, include separation means
for removing solid particles from the product mixture. For
example the separation means may be a high temperature
filter such as PTFE, a SiC or a metal filter. It may instead,
be a cyclone separator. The installation may, further, include
recycling means for recycling carbon removed in the sepa-
ration step back to the hopper. The installation may also
include one or more chemical or cold traps to remove
impurities such as HF or F..

The installation may further include a compressor for
compressing the product gases, and storage tanks for storing
the product produced.

The invention extends also to a plasma burner suitable to
be used as part of an installation according to the invention,
for creating a body of hot gas in the form of a high
temperature plasma as part of a production process for
producing fluorocarbon compounds. The plasma is to be
generated from an input gas stream including a fluorocarbon
compound, and the generated plasma will accordingly con-
tain reactive species including CF,, CF,, C,F,, CF, F, C and
all their ions.

In view of the corrosive nature of some of these reactive
species and the relatively high prevalent specific enthalpies
(and temperatures), and in view further of the importance of
maintaining certain preferred operational parameters in gen-
erating the plasma, as fully described herein, the invention
provides a plasma burner (also referred to herein as a plasma
torch) suitable to operate under these conditions.

According to the invention a plasma bumer includes

a pair of non-consumable electrodes (as herein defined)
being a cathode and an anode and each having an
operational end;

the anode being of resistant metal and of hollow configu-
ration to define an open-ended internal anode cavity
providing a tubular operational face extending from the
operational end to an exit end;

the cathode being of resistant metal and having a graphite
insert to define a button-type operational face at its
operational end;

the cathode and anode being arranged in end-to-end
relationship with their operational ends in spaced align-
ment to define between them a gap which together with
the anode cavity defines an arc location for an arc to be
generated when a potential difference is applied across
the electrodes:
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the electrodes being configured to provide flow lines for
a cooling fiuid to flow through or over them;

the electrodes being mounted in a housing comprised of
a plurality of annular housing components dimensioned
and shaped to nest together with the inclusion of
suitable electrical insulation means, and being inter-
nally configured to define a mounting location for the
electrodes;

at least one housing component incorporating flow pas-
sages for the introduction and evacuation of a cooling
fluid;

at least one housing component incorporating flow pas-

sages for the introduction of an input gas stream in a
manmner to create a vortex within the arc location;

the arrangement being such that, in use, an arc may be
generated 1n the arc location when a potential differ-
ence 18 applied across the electrodes, and a high tem-
perature plasma may be generated with the input gas in
a high temperature zone located within the arc location,
lo produce a reactive thermal plasma emanating at the
exit end of the anode cavity.

According to a further feature, particulate material intro-
duction means may be provided to introduce a particulate
carbon-containing substance under controlled conditions of
enthalpy into the reactive plasma emanating at the exit end
of the anode cavity.

Further features of construction and operation will appear
from the description contained herein, particularly the
description with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described, by way of example,
with reference to the accompanying diagrammatic drawings,
which are not all drawn to the same scale, and in which

FIG. 1 is a sectional side view of a plasma torch suitable
to be used to provide a reactive thermal mixture in accor-
dance with the invention;

FIG. 2 is an end view of the plasma torch of FIG. 1,
viewed in the direction of the arrow A in FIG. 1;

FIG. 3 is a sectional side view of the cathode of the
plasma torch of FIG. 1;

F1G. 4 is an end view of the cathode of FIG. 3, viewed in
the direction of the arrow B in FIG. 3;

FIG. 3 1s a sectional side view of the anode of the plasma
torch of FIG. 1;

FIG. 6 1s an end view of the anode of FIG. 5 viewed in the
direction of the arrow C in FIG. §;

FIG. 7 1s a sectional side view of the first housing
component of the plasma torch of FIG. 1;

FIG. 8 is an end view of the housing component of FIG.
7, viewed in the direction of the arrow D in FIG. 7;

FIG. 9 1s a sectional side view of the second housing
component of the plasma torch of FIG. 1;

FIG. 10 1s an end view of the housing component of FIG.
9, viewed in the direction of the arrow E in FIG. 9;

FIG. 11 is an end view of the housing component of FIG.
9 from the opposite end;

FIG. 12 1s a sectional side view of the third housing
component of the plasma torch of FIG. 1, this component
being of an insulating material to constitute an insulator:

FIG. 13 is an end view of the housing component of FIG.
12, viewed in the direction of the arrow F in FIG. 12;
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FIG. 14 is a sectional side view of the fourth housing
component of the plasma torch of FIG. 1;

FIG. 15 15 an end view of the housing component of FIG.
14, viewed in the direction of the arrow G in FIG. 14:

FIG. 16 is a sectional side view of the vortex generator of

the plasma torch of FIG. 1, taken along line XVI—XVI in
FIG. 17;

FIG. 17 is an end view of the vortex generator of FIG. 16,
viewed 1n the direction of the arrow H in FIG. 16;

FIG. 18 1s a sectional side view of a mounting flange for
the plasma torch of FIG. I;

F1G. 19 18 an end view of the flange of FIG. 18;

FIG. 20 1s a sectional side view of a carbon feed com-
ponent for the plasma torch of FIG. 1;

FI1G. 21 1s an end view of the feed flange of FIG. 20,
viewed 1n the direction of the arrow I in FIG. 20;

FIG. 22 is a sectional side view of an insulation washer;

FIG. 23 1s an end view of the insulation washer of FIG.
23, viewed 1n the direction of the arrow J in FIG. 22:

FIGS. 24 and 25 are sectional side views of alternative
anode and cathode configurations to be used in a plasma
torch 1n carrying out a process of the invention;

FIG. 26 is a schematic flow diagram depicting an instal-
lation for carrying out a process according to the invention
for producing a desired fluorocarbon compound;

FIGS. 27 to 30 depict a set of four graphs showing
thermodynamic equilibrium data for carbon at different
pressures;

FIGS. 31 and 32 show a set of two three-dimensional
graphs depicting the influence of the C:F ratio and the
temperature on precursor yield at a pressure of 0.1 atmo-
sphere;

FIGS. 33 and 34 show a set of two three-dimensional
graphs depicting the influence of pressure and temperature
on precursor yield at a C:F ratio of 1.0; and

FIG. 35 is a graph depicting carbon consumption from a
15 mm graphite rod in grams per minute as a function of
current 1n amps.

DESCRIPTION

Referring to FIG. 1 reference numeral 10 generally indi-
cates a plasma torch suitable to be used in a method for
producing fluorocarbon compounds in accordance with the
invention. The torch 10 includes a copper alloy cathode 12
and a copper alloy anode 14 mounted in a housing. The
housing includes first, second and fourth annular conductive
housing components 18, 20, 24 and a third annular insulat-
ing housing component or insulator 22, all of the compo-
nents being secured in an abutiing arrangement as can be
seen in FIG. 1. The cathode 12 and the anode 14 are
coaxially mounted in the housing. The cathode 12, which is
described in further detail below, has an inner operational
end 12.1 which is adjacent the anode 14 and an opposed
outer end 12.2. The anode 14, which is also described in
further detail below, is hollow and has an inner end portion
14.1 which is adjacent the cathode, an opposed outer end
14.2, and a cavity 14.3 which provides a tubular operational

tace. The operattonal end 12.1 of the cathode 12 is received

in the end portion 14.1 of the anode 14 as can also be seen
in FIG. 1.

Referring to FIGS. 1, and 7 to 11, the housing components
18 and 20 each consists of a hollow cylindrical body 30, 32
which 1s open at both ends and which defines passages 31,
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33 respectively. Each component 18, 20 has a radially
outwardly projecting disc shaped flange 40, 42, located at
one of its ends. The components 18, 20 are made of stainless
steel. The body 32 has a smaller diameter than the body 30

and 1s recetved inside the body 30 with clearance 50 as can
be seen 1n FIG. 1.

Referring now 1n particular to FIGS. 7 and 8, the body 30
of the first housing component 18 has an inner surface 30.1
with a stepped inner cross-sectional profile as can be seen in
FIG. 7. An annular nim 30.2 at the end of the body 30 remote
from the flange 40 projects inwardly and 1s provided with an
annular groove 30.3 to receive a seal 30.6 (see FI1G. 1). In the
plasma torch 10, the seal 30.6 abuts against an outer surface
of the end portion 14.2 of the anode 14 which is slightly
recessed, as can be seen more clearly in FIG. 1, and which
1S described 1n further detail below. A coil 37 for generating
a magnetic field surrounds the body 30 (FIG. 1). The coil
generates a magnetic field of 0.01-0.30 Tesla.

A water outlet conduit 30.4 extends radially outwardly
through the flange 40 from the passage 31. The body 30
further has an outwardly directed screw threaded portion
30.5 next to the flange 40 for receiving a mounting flange as
is described in further detail below.

Refemring specifically 1o FIGS. 1 and 9 to 11, the body 32
of the second housing component 20 has an inner surface
32.13 and an outer surface 32.1 which outer surface,
together with the inner surface 30.1 of the body 30 of the
component 18, in the plasma torch 10, defines an annular
cavity 50 (FIG. 1) around the body 32. The body 32 has an
inner shoulder 32.3 which, in the plasma torch 10, abuts
against the anode 14 (FIG. 1). A water inlet conduit 32.2
extends radially inwardly through the flange 42 to the
passage 33 and a gas inlet conduit 32.6, next to the water
inlet conduit 32.2, also extends radially inwardly to the
passage 33. The flange 42 further has an annular ridge 32.7
and two annular grooves 32.8, adjacent the body 32 on either
side of the flange 42 {or receiving O-rings. The portion of the
passage 33 defined by the flange 42, has an inner surface
32.4 with an annular groove 32.5 for receiving an O-ring,
and an annular gas conduit groove 32.9 next to 1.

A copper connector 32.10 with an opening 32.11 for
attachment of an electrical cable (not shown) projects from
the flange 42 for connecting the cable to the flange 42.

Referring to FIGS. 1, 5 and 6 the anode 14 has, as
mentioned above, an outer end portion 14.2 and an inner end
portion 14.1 which is cup-shaped and which defines a
cylindrical opening 14.4. The portion 14.1 is provided, near
to the opening 14.4, with four gas openings 14.13 for the
introduction of gas via the gas inlet conduit 32.6 and the gas
conduit groove 32.9. The opening 14.4 is separated by a
shoulder 14.10 from a narrower axially oriented passage
14.5 which constitutes an anode cavity and connects the
opening 14.4 to an opening 14.6 in the outer end portion
14.2. A part 14.6 of the external face of the cup-shaped
portion 14.1 is recessed and has a cut away shoulder 14.8.
The recessed portion 14.6 of the anode 14 and a portion of
the inner surface 32.4 of the second housing component 20
together define, in the plasma torch 10, an annular cavity 55
(FIG. 1). The outer end portion 14.2 of the anode 14, as
mentioned above, 1s recessed so that a central portion 14.3
appears slightly raised. The inner surface 32.13 of the
component 20, in the plasma torch 10, abuts against the
raised portion 14.3 of the anode 14 (FIG. 1). The anode is
about 67 mm long and has a diameter of about 32 mm at its
widest point.

Referring in particular to FIGS. 5 and 6, the raised portion
14.2 of the anode 14 and the cut away shoulder 14.8 are
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provided with longitudinal ridges 14.11 defining longitudi-
nal grooves 14.12,

The cavities 50, 55, the inlet and outlet conduits 32.2, 30.4
and the grooves 14.12 constitute a flow path for cooling
water to cool the anode, as can be seen in FIG. 1. The anode
1S of a copper alloy and is, optionally, provided with a
hollow cylindrical carbon insert in the passage 14.5 which
extends over the length of the axially oriented passage 14.5.

Referring to FIGS. 12 and 13, the insulator 22 consists of
a disc shaped body 23 of polytetrafluoroethylene having a
centrally located passage 22.2, exiending through it. The
body 23 abuts against the flange 42 of the component 20.
The annular ridge 32.7 of the flange 42 is received in a
complementary recess 22.3 on the outer edge on one side of
the body 23. A corresponding recess 22.4 is located on the
opposite side of the body 23.

Referring to FIGS. 1, 14 and 15, the third housing
component 24 also includes a hollow body 24.1 defining a
passage 35 and an outwardly directed flange 44 at one end
of the body 24.1. The component 24 is of stainless steel. The
outer edge of the flange 44 has an annular ridge 24.2 which
projects towards the body 24.1 and, in the plasma torch 10,
1s received in the complementary recess 22.4 of the insulator
22 (FIGS. 1 and 12). An annular groove 24.3 is provided in
the tlange 44 for receiving an O-ring. The inner profile of the
passage 35 is stepped and includes, successively, a narrower
portion 24.4, a wider portion 24.5, having an annular groove
24.6 for receiving an O-ring, and a still wider portion 24.7
which has a screw thread 24.11. In the plasma torch 10, the
rear end portion 12.2 of the cathode 12 is received in the two
passage portions 24.5, 24.7 and abuts against a shoulder 24.8
separating the narrower and wider portions 24.4, 24.5
(FIGS. 1 and 14). The screw thread 24.11 is engaged with a
complementary screw threaded portion 12.9 of the cathode
(FIG. 3) as 1s described below. A water outlet conduit 24.9
extends radially outwardly through the flange 44 from the
passage 35. A Swagelok 24.10 (trade mark) is welded over
the opening to the cylindrical passage 35 remote from the
body 24.1. A stainless steel tube (not shown) passes through
the Swagelok 24.10 and extends into the hollow interior of
the cathode 12 as is described in further detail below.

A copper connector 24.14 with an opening 24.15 for
attachment of an electrical cable (not shown) projects from

the fiange 44 for connecting the cable to the flange member
24.

Referring now to FIG. 3, the cathode 12 is generally
cylindrical in shape having, as mentioned above, a closed
inner or operational end portion 12.1, an open outer end
portion 12.2 with a rear opening 12.8, and a hollow interior
12.3. The closed end portion 12.1 has an annular shoulder
12.4. The cathode 12 is of a copper alloy. A screw threaded
cylindrical opening 12.5 in which a graphite insert (not
shown) is screw-threadedly received, extends into the closed
end portion 12.1. In different embodiments of the invention,
the insert 1s doped graphite or a high temperature metal alloy
comprising tungsten, thoriated tungsten, other doped tung-
sten alloys, zirconium, hafnium, hafnium carbide, tantalum,
tantalum carbide or any other suitable high temperature

matenial. Such a cathode is generally referred to as a button

type cathode. A centrally located externally screw threaded
portion 12.9 1s engaged with the screw threaded portion
24.11 of the housing component 24 as mentioned above. The
end wall of the hollow interior 12.3 remote from the rear
opening 12.8 has a curved profile 12.7. Referring to FIG. 1,
in the plasma torch 10, the conduit 24.9 of the fourth housing
component 24 opens into the passage 35 of the component
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24 adjacent the rear opening 12.8 of the cathode 12. In use,
cooling water 1s pumped into the hollow interior 12.3 of the
cathode 12 through the stainless steel tube which passes
through the Swagelok 24.10 to the end wall 12.7 and exits
via the water outlet conduit 24.9 in the component 24, the
curved profile 12.7 of the end wall improving flow distri-
bution in the water flow. The cathode 12 is about 40 mm long
and has a diameter, at its widest point, of about 20 mm.

Referring now to FIGS. 2, 8, 10, 11, 13 and 15, the flange
40 is provided with six screw-threaded holes 80 and the
flanges 42, 44 and the insulator 22 are each provided with six
complementary non-screw threaded holes 80 which are in
register 1n the assembled state of the burner 10 depicted in

FIG. 1. The holes 80 of the insulator 22 (FIG. 13) and the
flange 44 (FIG. 15) have a larger diameter than those of the
flanges 40, 42 (FIGS. 8 and 10) so that shoulders 84 are
defined where the flange 42 abuts against the insulator 22
(FIG. 1).

Referring to FIGS. 1, 22 and 23, insulating washers 60 of
Tufnol (trade mark) each having a hollow open-ended
cylindrical body 60.1 and an outwardly directed annular
head 60.2 projector inwardly into the holes 80 of the flange
members 24, 22 with their heads abutting against the rear
faces of the flanges 44 i.e., the faces remote from the
isulator 22. The insulating washers are about 37 mm long.

Referring to FIGS. 18 and 19 the mounting flange 100
(not shown in FIG. 1) consists of a stainless steel disc 100.1
having a screw-threaded hole 100.2 in its centre. The screw-
thread of the hole 100.2, in the assembled state of the torch
10, is engaged with the thread 30.5 of the component 18. The
disc 100.1 is provided with six holes 100.4 speced sym-
metrically adjacent its outer edge for mounting the torch 10
on a reaction chamber (not shown).

Referring to FIGS. 20 and 21, a carbon feed flange 110
(not shown in FIG. 1) having a leading side 110.2 and a
trailing side 110.3 consists of a hollow cylindrical body
110.4 with a wider opening 110.5 on the trailing side 110.3
and a narrower inwardly tapering opening 110.6 on its
leading side 110.2. The wider opening 110.4 is provided
with a groove 110.8 for receiving an O-ring and is dimen-
sioned to fit over the end of the housing component 18 in the
assembled torch 10. A carbon feed conduit 110.10 extends
through the body 110.2 to the tapered opening 110.6 and is
provided with an extension feed tube 110.12. The leading
side 110.2 is provided around its periphery with an annular
shoulder 110.13. The shoulder has an annular groove 110.15
for receiving an O-ring and the body 110.2 has a further
circumferential passage 110.16 between the extension tube
110.12 and the shoulder 110.13 which is provided with a
water inlet conduit 110.17 and a water outlet conduit 110.18

for the passage of cooling water to cool the carbon feed
fange 110.

Bolts 81 serve to secure the housing components 18, 20,
22, 24 together.

In the plasma torch 10, the anode 14 and the cathode 12
are separated from one another by a small gap 97 (FIG. 1).

Referring now to FIGS. 1, 16 and 17, a vortex generator
90 separates the closed-end 12.1 of the cathode 12 from the
cup-shaped portion 14.1 of the anode 14 (FIG. 1). The vortex
generator 90 has a stepped inner cross-sectional profile
compliemeniary to the profile of the closed end 12.1 of the
cathode 12 as can be seen, in particular, in FIG. 16.

The vortex generator 90 has a generally cylindrical body
90.15 which is hollow and open-ended and has a rear
opening 90.6 and a front opening 90.4, with a cylindrical
passage extending through it. It is about 20 mm long and has
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a diameter of about 26 mm. An annular pyrophyllite 1nsert
90.8 with a centrally located opening 90.16 1s located in the
opening 90.7 and projects slightly from the cylindrical body
90.15 so that a shoulder 90.1 is defined around the periphery
of the opening 90.7. The insert 90.8 and the cylindrical body
90.15 together have an inner profile complementary to that

of the inner end portion 12.1 of the cathode 12 (FIG. 1). The
pyrophyllite insert has an inner recessed face 90.17.

The body 90.15 is of polytetrafluoroethylenc. In the
plasma torch 10, the vortex generator 90 projects into the
cylindrical opening 14.4 of the anode 14 so that the shoulder
90.1 abuts against the shoulder 14.10 of the anode 14. The
vortex genecrator 90 has a rear flange portion 90.3 and an
outer generally cylindrical face 90.4 which abuts against the
inside of the opening 14.4 of the anode 14 (FIG. 1). The
flange 90.3 acts as an insulator and fits 1nto an annular space
59 defined between the inner end portion 14.1 of the anode,
the flange 42 and the insulator 22 (FIG. 1 ). An annular
groove 90.5 for receiving an O-ring is provided on the inner
surface of the cylindrical passage and an annular groove
90.7 is provided on the outer face 90.4 next to the perspex
ring 90.3. Four longitudinal grooves 90.9 in the form of a
cut-away portion of the outer face 90.4 (FIG. 17) extend
from the annular groove 90.7 to the shoulder 90.1. The
projecting portion of the pyrophyllite insert 1s provided with
four tangentially directed passages 90.12 extending
inwardly from the grooves 90.9 to four tangentially directed
srooves 90.10 on the recessed inner face 90.17 of the insert
90.8 and leading to the opening 90.16 in the insert 90.8 (FIG.
17) to create a tangential gas flow.

In the plasma torch 10, the gas conduit groove 32.9 of the
housing component 20 is in register with the holes 14.3 in
the anode 14 and the groove 90.7 of the vortex generator 90
and allows gas to be pumped via the conduit 32.9, the groove
32.10, the holes 14.3, the grooves 90.7, 90.9, the passages
90.12, and the grooves 90.10 into the gap 97 between the
anode 14 and the cathode 12 where the tangentially directed
gas streams cause a vortex in the gap 97.

The inside diameter and the length of the anode 14 play
a critical role in the stabilisation of the arc and in the voltage
characteristics of the plasma torch 10. In different embodi-
ments of the invention different exit diameters are used so
that the pressure inside the torch can be regulated. In use, the
cooling of the anode 14 and particularly of the other sealing
areas 1s of critical importance and water at pressures above

4 bar and flows in excess of 100 1/h are used to cool the
anode 14 and the cathode 12.

In use, an arc is generated in the plasma torch 10 between
the anode 14 and the cathode 12 and an input gas stream
containing a fluorocarbon compound 1s fed via the gas inlet
conduit 32.6 of the member 42 and the vortex generator 98
into the arc, where a plasma containing reactive species
produced from the fluorocarbon compound 1s formed. The
plasma leaves the plasma torch 10 through the passage 14.5
in the anode 14 (FIG. 5). The reactions which take place 1n
the plasma, and after the plasma has been cooled, are
described with reference to FIGS. 26-35 below.

Referring to FIG. 26 of the drawings, reference numeral
150 depicts a schematic flow diagram of an installation in
accordance with the invention for preparing fluorocarbon
compounds. The installation 150 includes a pair of plasma
torches 10 as described above, which are connected to power
sources 154 by electrical connectors 155. Flow lines 158
extend from two fluorocarbon compound storage vessels
160 to the plasma torches 10. Water for cooling the anodes
14 and the cathodes 12 of the plasma torches 10 is fed from
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a supply tank 162 via flow lines 166. Each line 166 is a
double line allowing {low (o and from the torches 10.

The plasma torches 10 arc mounted to feed reactive
thermal plasma into a mixing chamber 170. Feed {low lines
176, 178 respectively are arranged to feed particulate carbon
and fluorine into the mixing chamber 170. The feed line 176
extends from a carbon hopper 180. A feed line 177 leads into
the hopper 180. A flow line 182 connects the mixing
chamber 170 via a quench chamber 186, to a production
reactor 187. Feed lines 190, 192, 193 feed cooling water
from the water tank 162 to the quench chamber 186, the
production reactor 187 and the mixing chamber 170. The
lines 190, 192, 193 are double lines as described above. A
flow linc 196 extends from the production reactor 187 to a
phase separator 200 from where a flow line 204 lcads back
to the carbon hopper 180 for returning carbon separated 1in
the phasc scparator 200 to the mixing chamber 170. From
the phase separator 200 a flow linc 206 leads via a trap 208,
a vacuum pump 210 and a compressor 212 (o a phase
separation and purification installation 218.

From the installation 218 flow lines 220, 224, 226 respec-
tively lead to the fluorocarbon storage vessels 160, a fluo-
rocarbon storage vessel 230 and a tetrafluoroethylene stor-
age vessel 232,

An analytical facility 240 1s shown schematically con-
nected by a line 234 to the output flow lines 220, 224, 226
from the gas separation and purification installation 218; by
a linc 236 to the feed flow lines 174, 177, 178, 158; by a line
238 to the line 206 between the phase separator and the trap
208; and by a line 239 to the linc 206 between the trap 208
and the vacuum pump 210 The analytical facility 1s provided
with analytical apparatus for gas chromatographic, intrared
and ultraviolet analyses.

In use, each power source 154 provides direct current in
excess of 50 A at a voltage in excess of 100 V. Ripple as large
as 10% can be accommodated on a small scale (<100 kW)
but on a larger scalc harmonics which can be generated and
sent back to the input supply line would preferably be
filtered out. Power output is regulated by adjusting the
current, and the voltage used is determined by the type of
gas, the pressure and the gas flow through the arc. At a power
output of about 30 kW the voltage is between about 50 and
300 V. Each power source 154 1s short circuit protected.

A gaseous fluorocarbon such as CF, 1s introduced into the
arc of the plasma burners 10 from one of the storage tanks
160 via the line 158. The arc and the rate of addition are
regulated so as to maintain a specific enthalpy between 1 and
10 kWh/kg in the plasma. The gas is introduced tangentially
via the vortex generator 90, as described above, the geom-
etry of the vortex generator causing the gas to spin at a high
velocity between the electrodes. A starting gas, such as
argon, 1s not required but may be introduced before or with
the fluorocarbon. The magnetic coil 37 1s optionally used to
generate a magnetic field which causes rotation of the arc in
the direction of rotation of the vortex.

The plasma generated in the arc, which contains a mixture
of reactive species inciuding reactive precursors such as
CF,, C,F,, CF;, CF, C and F (referred to above), then passes
into the mixing chamber 170. Particulate carbon is intro-
duced into the tail flame of the plasma torches 110, which
projects into the mixing chamber 170, via the feed line 176
from the hopper 180, the temperature of the plasma being
reduced by heat trans{er to the carbon and to the walls of the
mixing chamber. The optimum vyield of the precursors CF,
and C,k, for the production of the desired fluorocarbon
products, is obtained in the temperature range 2300 K.-2700
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K. and the pressure range 0.1~1 bar, and preferably about 0.1
bar, as can be seen in FIGS. 33 and 34. The kinetics, heat
transter properties and reaction time of the plasma and the
carbon particles influence the precursor concentrations. By
maintaining the C:F ratio between 0.4 and 2.0 as can be seen
in FIGS. 31 and 32, and by maintaining the enthalpy of the
system between about 1-10 kWh/kg of feed gas, the pre-
cursor concentrations can be optimised.

The precursors are cooled in the quench chamber 186
during and after which the precursors react both in the
quench chamber 186 and in the production reactor 187 to
form a product mixture comprising C,F, (TFE), C,F, C,F,
CiFg, and CF,. By controlling this step of the process, as
described above, the yields of selected compounds can be
optimised. In particular, cooling the precursors to below 300

5

10

K. 1n less than 0.05 seconds results in an optimised yield of 15

TFE.

Carbon particles are removed from the product mixture by
passing the mixture through a ceramic filter in the phase
separator 200 and the removed carbon is recycled to the
hopper 180 via the line 204. The hopper 180 is designed to

feed carbon into the mixing chamber 170 at a rate which
varies between 0.1 g/min and more as may be required.

The filtered product mixture is then passed through the
chemical trap 208 containing carbon at 700 K. to remove F.,,
the vacuum pump 210 and the compressor 212. The vacuum
pump 210 is designed to evacuate the total system to less
than 0.01 bar and to pump large volumes of gas (above 1
I/min). Both the pump 210 and the compressor 212 are also
designed to withstand impurities such as HF and F..

After compression in the compressor 212, the compressed
product mixture is separated by distillation in the phase
separation and purification installation 218 and stored in the
storage vessels 230, 232. Unwanted fluorocarbons are
recycled to the storage vessels 160.

Product gases are analysed on a continuous basis. All
product gases pass through an infrared cell and the intensity
of the IR bands of specific products are monitored. Samples
are also removed for gas chromatographic analysis using a
Porapak Q packed stainless steel column. UV-visible spec-
trophotometry is used to detect unreacted fluorine. Similar
methods are used to analyse the end products.

In another embodiment of the invention particulate waste

PTEE i1s fed into the mixing chamber 170 from the hopper
180.

Reterring now to FIGS. 24 and 25, two alternative elec-
trode configurations are illustrated schematically. The con-
figuration 300 depicted in FIG. 24 has a cathode 312 and
anode 314 both of which may be of copper or a copper alloy.
The cathode has an insert 316 of graphite or doped graphite.
The anode 314 has an internal passage 318 of stepped
configuration having a narrow portion 314.1 with diameter
d, and length 1, and a wider portion 318.2 with diameter d,
and length 1,. The portions 314.1, 314.2 are separated by a
stepped shoulder 318.3. A vortex generator or spinner is
schematically shown as 320.

The configuration 400 of FIG. 25 has a cathode 412 and
anode 414 of copper or copper alloy similar to those of FIG.
24, the cathode 412 having an insert 416 of graphite or
optionally doped graphite. The anode 414 again has an
internal passage 418 of stepped configuration, with a
stepped shoulder 418.3 separating a narrow portion 418.1
with diameter d,, and length 1,, and a wider portion 418.2
with diameter d, and length 1.

In the case of FIG. 25, an insert is provided between two
vortex generators or spinners 420, 424.

The invention and the manner in which it may be carried
out 1n practice will now be described further by way of the
following examples.
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EXAMPLES 1-6

(General Procedure

In Examples 1-6, the following general procedure was
followed. A single plasma torch unit was used, with a water
cooled tubular copper alloy anode and a water cooled button
type copper alloy cathode with a graphite insert (generally of
the type as shown in FIGS. 24 and 25). The inner diameter
of the anode in the region adjacent the cathode was 4 mm
while the diameter of the remainder of the anode was 8 mm.

This plasma unit was connected to a carbon feeder with 3
equally spaced 1 mmZinlets through which carbon was fed
from the hopper. Carbon tetrafluoride (CF,) was used as
carrier gas to feed carbon perpendicularly into the plasma
tail flame directly below the anode. The reactor chamber
directly undemeath the carbon feeder was water cooled, and
had a graphite lining and an inside diameter of 50 mm.

A water cooled heat exchanger (quench probe) was pro-
vided 1nside the reactor chamber 60 mm below the anode.
The heat exchanger quenched the precursor mixture from
enthalpies above 2 kWh/kg to enthalpies in the vicinity of
0.001 kWh/kg. The mass flux through the heat exchanger
during the exemplary procedures was approximately 0.4
g/(s-cm®).

Afterwards the gaseous product was passed through
another heat exchanger. Excess carbon particles were
removed with polytetrafluoroethylene or stainless steel
porous filters. The clean gas was monitored continuously for
the presence of tetrafluoroethylene by means of infrared
spectrophotometry at 1330 cm™'. Samples were taken for
gas chromatographic analyses during the procedures.

A carbon tetrafluoride plasma gas flow rate of 2.36 kg/h
was used. The power input to the plasma ranged from 13 kW
(100 A, 130 V) to 25 kW (249 A, 106 V). The enthalpy of
the plasma gas ranged accordingly from 3.02 kWh/kg to 6.7
kWh/kg. The efficiency of the plasma torch varied between
50 and 75%, while the efficiency of the total system varied
between 39% and 62%.

EXAMPLE 1

Production of Tetrafluoroethylene (TFE) from
Carbon Tetrafluoride (CF,)

The general procedure was followed using CF, as plasma
gas. A feed rate of 2.36 kg/h CF, into the plasma torch was
used. The plasma gas was spun in through four 1.57 mm?
inlets just below the cathode. Carbon of 18 um particle size
was injected into the plasma tail flame through three 1 mm?
gaps. A CF, carrier gas feed of 0.72 kg/h was used. A carbon
feed rate of 4 g/min average was maintained. The power
supplied to the plasma source was 21.7 kW. The results are
given in Table 1.

TABLE 1

CF, plasma with carbon feed into the flame to produce C,F,

PRODUCT 21 kW
CF, 65%

C,F, 26.5%
C,F, 7.2%

The pressure inside the plasma reactor was maintained at
0.1 bar (abs). A C:F ratio of 0.4 was maintained. The
enthalpy of the CF, plasma flame was calculated as 6
kWh/kg. The plasma mixture was quenched from an
enthalpy of 4.2 kWh/kg. The mass flux through the quench
probe was calculated as 0.46 g/(s-cm®). The 26.5 mole %
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yicld ol C,F, corresponds to a specific enthalpy of 25
kWh/kg TFE and a TFE production rate of 0.89 kg/h CF,.
The procedure was stopped voluntarily aiter 21 minutes.

EXAMPL.

LLld
D

Production of Tetrafluoroethylene (TFE) from
Carbon Tetrafluoride CF,

Example 1 was repeated with a CF, carrier gas flow which
varied {from 0.64 kg/h to 0.66 kg/h. Carbon of a 3 um particle
size was fed at a 25 g/min feed rate 1nto a plasma tail flame.
The power 1input to the plasma ranged {rom 19 kW 10 21 kW.
The results are given in Table 2A and 2B.

TABLE 2ZA
Cl-, plasma with carbon feed into the flame 1o produce C,L,
PRODUCT 19.7 kW 20 kW 21 kW
CEF, 77.2% 70.2% 67.8%
CF, 12.6% 21.2% 24.4%
C,Fe 10.2% 8.5% 7.9%
CF, carrier gas 0.64 ke/h 0.7 keg/h 0.68 ke/h
TABLE 2B
CF, plasma with carbon feed into the flame to produce C-F,
PRODUCT 19.7 kW 20 kW 21 kW
Enthalpy in plasma 5.9 kWh/kg 5.8 kWhtkeg 6 kWh/kg
ta1l flame
Quench from 3.57 kWh/keg  3.65 kWh/kg  4.28 kWh/ke
enthalpy |
Energy required for 49.6 kWh 29 kWh 26.7 kWh
1 kg of TFE
TFE production (.41 kg/h 0.71 kg/h (.81 kg/h

ratc

The reaction was run at 0.1 bar (abs). A C:F ratio of 1.2
was maintained. The procedure was voluntarily stopped
after 15 minutes.

EXAMPLES 3-5

Production of Tetrafluoroethylene (TFE) from
Hexaflluoroethane C,F,

The general procedure was followed using a C,F, plasma
gas feed into the torch of 2.3 kg/h. The C,F, was spun into
the torch through four 1.77 mm* inlets just below the

cathode. The expenment was conducted at energy inputs
between 13 kW and 23 KW. The results are given in Table
3. More information is given 1n Table 4 and 3.

TABLE 3

C,F, feed 1nto the plasma source to produce C,F,

Example 3 Example 4 Example 5
PRODUCT 13.3 kW 10.8 kW 23.4 kW
CF, 66.8% 58.4% 35.9%
C,F, 26.5% 32.4% 36.1%
C,Fs 6.7% 7.8% 8%
C,Fq 0% 1.4% 0%
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TABLE 4

C,F, feed into the plasma source to produce C,F,

Quench from

Enthalpy in plasma {lame enthalpy
Power input (kW) (kWh/kg) (kWh/kg)
Example 3 (13.3 kW) 2.96 2.77
Example 4 (19.8 kW) 5.16 4.51
Example 5 (23.4 kW) 6.41 5.61
TABLE 5

C,F, feed 1nto the plasma source to produce Gk,

Specific cnthalpy

Mole % yield C,F, C,I, (C,F, production rate
Example 3 (26.5%) 20.8 kWh/kg TFL 0.65 kg/h TEFL
Example 4 (32.4%) 25.6 kWhi/kg TFE 0.78 kg/h TFE
Example 5 (36.1%) 27.4 kWh/kg TFL 0.87 kg/h TFLE

The pressure in the plasma reactor was maintained at 0.1
bar {(abs). The C:F ratio was 0.3. At a flame enthalpy of 6.41
kWh/kg a gas mixture temperature of 4000 K. was reached
and the graphite lining started to evaporate. The mass flux
through the quench probe was 0.46 g/(s-cm?). The experi-
ments were voluntarily stopped after 6 minutes.

EXAMPLE 6

Production of Tetrafiuvoroethylene (TFE) from
Hexafluoroethane C,F,

The procedure of Examples 3-5 was repeated with the
difference that carbon was fed into the plasma tail flame.
Carbon of 42 um mean particle size (36-53 um) was injected
into the C,F, plasma tail flame through three 1 mm, gaps at
a feed rate of 46.9 g/min. C,F, was also used as carrier gas
at a feed rate of 1.8 kg/h. The experiment was done with a
19 kW (161 A, 119 V) power supply to the plasma source.
The results are given in Table 6.

TABLE 6

C,F¢ plasma with carbon feed into the fiame to produce C,F,

PRODUCT 19 kW
CF, 63.5%
C,F, 27.9%
C,F, 7.4%
C.F, 1.2%

The enthalpy in the C,F, plasma flame was calculated as
53.61 kWh/kg. The plasma gas mixture was quenched at an
enthalpy of 2.52 kW/kg. The mass flux through the quench
probe was 0.6 g/(s-cm?). A C:F ratio of 1.6 was fed. The 27.9
mole % TFE vield corresponds to a specific enthalpy of 16
kWh/kg TFE and a production rate of 1.2 kg/h TFE. A
reactor pressure of 0.1 bar (abs) was maintained. The
experiment was voluntarily stopped after 4.5 minutes.

In developing the present invention, the Applicant has
given particular attention to the design and development of
a plasma torch capable of operating with corrosive plasma
eases, such as fluorine and fluorocarbons, at the elevated
temperatures (i.e., high enthalpy conditions) required for the
various reactions to take place, and for commercially accept-
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able operation periods, i.e., at least several hours of con-
finuous operation.

In experimental work with fluorine-containing plasmas
using gases such as CF,, and where use is made of graphite
electrodes which are not intensely water cooled, it was found
that the anode starts to evaporate if the current density
becomes more than 50 A/cm?.

Furthermore, in most plasma processes it is desirable for
the amount of plasma gas to be minimised so as to minimise
the cost of operation. Using only one plasma gas contributes
to easy operation of the plasma and to the reduction of costs.
Specifically in the production of TFE from fluorides and
carbon, the use of additional plasma gases such as Ar or He
will increase the scale of separation. The production of a
plasma using only fluorine, containing gases with conven-
tional plasma torch designs is generally not successful
because the gases decompose at high temperature to form
very reactive and corrosive F species. These species react
with most high temperature metals such as tungsten,
hatnium and tantalum to form gases like WF,, HfF_ and
TaF, and this causes very high electrode erosion rates. The
Applicant has found that graphite does show chemical
resistance to the F species when it is intensely cooled and
- kept at temperatures below 800 K.

The Applicant has found that graphite shows greater
erosion rates when it is used as an anode. The reason is that
the arc spot can heat the carbon to very high temperatures
resulting in the formation of C positive ions.

Copper, nickel and copper/nickel alloys have also been
found to show good resistance to chemical F corrosion at
temperatures below 1300 K.

The invention envisages the provision of a plasma torch
using only fluorine-containing gases as a plasmagas and
offering high voltage, affordabie electrodes, low electrode
erosion rates, stable operation under various pressures, high
enthalpy and relatively low gas flow rates.

The following Examples 7-10 illustrate the performance
of different electrode configurations and materials in differ-
ent operating conditions where a plasma torch was used with
fluorocarbon plasma gases. The Examples are based on
experimental work carried out by the Applicant.

EXAMPLE 7

A plasma torch consisting of a button cathode with an
intensely water cooled graphite insert and a water cooled
stepped copper anode, generally as shown in FIG. 24, was
used for this experiment.

(a) Cathode: Button graphite water cooled

(b) Anode: Stepped copper water cooled d,/d,=4/8 mm and
1,/1,=33/15 mm

(c) Plasma gas: CF,

(d) Gas flow rate; 2.36 kg/h

(e) Volts: 127 V

(f) Current: 160 A

(g) Power: 20.3 kWh

(h) Erosion rate

Cathode: 0.07 pg/C

Anode: 0.6 ug/C
(1) Test time: 1 h
(J) Enthalpy: 5.54 kWh/kg CF,
(k) Efficiency: 64%
(1) Inlet spin velocity: 26 m/s
(m) Pressure: 0.1 bar (abs)
This plasma torch was tested with CF, over a wide range
of conditions with volts ranging from 100 to 150 V at
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currents between 100 and 250 amperes and enthalpies
between 3 and 8 kWh/kg, and with erosion rates below 1.5
ug/C and efficiencies between 60 and 70%. The inlet spin
velocities varied between 10 and 80 m/s.

EXAMPLE 8

A plasma torch using the design generally shown in FIG.
24 was used for this experiment.
(a) Cathode: Button graphite water cooled
(b) Anode: Stepped copper water cooled d,/d,=4/8 mm and
1,/1,=33/15 mm
(c) Plasma gas: C,F,
(d) Gas flow rate: 2.30 kg/h
(e) Volts: 124 V
(f) Current: 160 A
(g) Power: 19.8 kWh
(h) Erosion rate

Cathode: 0.18 ug/C

Anode: 0.7 ug/C
(1) Test time: 45 minutes |
(J) Enthalpy: 5.2 kWh/kg C,F,

(k) Efficiency: 60%
(1) Inlet spin velocity: 16 m/s
(m) Pressure: 0.1 bar (abs)

This plasma torch was tested over a wide range of
conditions with volts ranging from 117 to 133 V at currents
between 100 and 200 amperes and enthalpies between 3 and
6.5 kWh/kg, and with erosion rates below 1.5 ug/C and
eiliciencies between 55 and 70%.

EXAMPLE 9

A plasma torch with an insert between the anode and
cathode was tested, of a design generally as shown in FIG.
25. Two gas flow rates were used, one between cathode and
insert (G;) and one between insert and anode (G,).

(a) Cathode: Carbon button water cooled

(b) Insert material: Water cooled copper, 10 mm thick 5 mm
internal diameter -

(c) Anode material: Stepped water cooled copper d,/d,=8/16
mm and 1,/1,=60/55 mm

(d) Plasma gas: CF,

(e) Gas flow rate

G,: 5.4 kg/h

G,: 9.0 kg/h
(f) Volts: 230 V
(g) Current: 300 A

(h) Power: 69 kW
(1) Erosion rate

Cathode: 0.05 nug/C

Anode: 1 pug/C
(j) Test time: 20 minutes
(k) Enthalpy: 2.9 kWh/kg
(1) Efficiency: 60%

(m) Inlet spin velocity 1: 60 m/s
(n) Inlet spin velocity 2: 100 m/s
(0) Pressure: 1.0 bar (abs)

This plasma torch was tested over a wide range of
conditions with volts ranging from 180 to 280 V at currents
between 150 and 400 amperes, enthalpies between 1.5 and
4 kWh/kg, and with erosion rates below 1.5 pg/C and
efficiencies between 50 and 80%.

EXAMPLE 10

A plasma torch with the design generally as shown in FIG.
25, was used to do this experiment at 1 bar (abs) with CF,,.
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(a) Cathode: Carbon button water cooled
(b) Insert material: Water cooled copper, 10 mm thick 5 mm
internal diameter
(c) Anode: Stepped water cooled copper d,/d,=8/16 mm and
1,/1,=60/55 mm
(d) Plasma gas: CF,
(e) Gas flow rate
G,: 2.7 kg/h
G,: 7.4 kg/h
(f) Volts: 190 V
(¢) Current: 300 A
(h) Power: 57 kWh
(1) Erosion rate
Cathode: 0.1 pg/C

Anode: 1 ug/C
(1) Test time: 20 minutes
(k) Enthalpy: 3.2 kWh/kg
(1) Efficiency: 50%

(m) Inlet spin velocity Gy: 30 m/s
(n) Inlet spin velocity G,: 80 m/s
(0) Pressure: 1 bar (abs)

This plasma torch was tested over a wide range ol
conditions with volts ranging from 180 to 230 volts at
currents between 150 and 400 amperes, enthalpies between
1.5 and 4 kWh/kg and erosion rates below 1.5 ug/C and
efficiencies between 50 and 80%.

The Applicant has found that the method and 1installation
of the invention can be run on a continuous basis, using CF,
in the input stream, for up to 3 days at a time. The Appiicant
has also found that the process of the invention can produce
TFE at a production rate of more than 100 g/h at an energy
input rate of less than 20 kWh/kg TFE produced.

It is an advantage of the invention that the method and
installation can utilise waste PTFE together with other
fluorocarbon compounds as an input feed material. This, in
turn, allows the installation of the invention to operate with
little or no effluent waste being produced.

The Applicant has found that the method and the 1nstal-
lation of the invention can be controlled within accurate
parameters by the controlled addition of carbon.

We claim:

1. A method for producing a fluorocarbon compound, the
method comprising the steps of:

(a) generating, in a high temperature zone, an electrical
arc between at least one pair of essentially non-con-
sumable electrodes;

(b) feeding into the high temperature zone at least one
input material with which to generate a thermal plasma
having fluorine-containing species and carbon-contain-
Ing specles;

(c) generating, in the high temperature zone, the thermal
plasma having fluorine-containing species and carbon-
containing species;

(d) providing a particulate carbon-containing substance;

(e) mixing, under controlled enthalpy conditions, the
particulate carbon-containing substance with the ther-
mal plasma to form a reactive thermal mixture thereot
having molar C:F ratio between about 0.4 and 2, the

reactive thermal mixture having a specific enthalpy
between about 1 kWh/kg and about 10 kWh/kg;

(f) controlling said specific enthalpy for a time interval to
cause the reactive thermal mixture to be gaseous, the
reactive thermal gaseous mixture containing reactive
species including reactive fluonine-containing precur-
sors and reactive carbon-containing precursors, said
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precursors being derived from the fluornine-containing
species, the carbon-containing species, and the particu-
late carbon-containing substance; and

(¢} cooling the rcactive thermal gaseous mixture at a

cooling rate and-to a cooling temperature selected to
produce an end product including the fluorocarbon
compound.

2. A method as claimed in claim 1, wherein the input
material 1S an input gas stream and includes al least one
fluorocarbon compound in the form of a short chain pertlu-
orinated carbon compound of the general formula C, F,, in
which O<n=10, and m 1s selected from the group consisting
of 2n, 2n+2 and 2n—2 where n>1.

3. A mcthod as claimed in claim 2, in which the nput
material includes at least onc gaseous fluorocarbon com-
pound selected from the group consisting of difluoroethyne
(C,F.), tetrafiuoroethylene (C,F,), hexafluoroethane (C,F),
hexafluoropropenc (C;F), octafluoropropane (C;Fg), tet-
rafluoromethane (CF,), octafluorobutene (C,Fy), and decat-
luorobutane (C,F ).

4. A method as claimed in claim 2, wherein the input gas
stream includes fluorine gas, the fluorine gas being present
in an amount between about 5 and 30 mol % of the input gas.

5. A method as claimed in claim 1, further comprising the
step of preheating the particulate carbon-containing sub-
stance prior to step (e), said mixing 1S accomplished by
introducing the particulate carbon-containing substance in
step (e) into the plasma at a rate and a temperature, the rate
and temperature being controlled so that the carbon-con-
taining particles rcach temperaturcs between about 2000 K.
and 3000 K. in the reactive thermal mixture.

6. A method as claimed in claim 1, wherein the particulate
carbon-containing substance is particulate carbon with a

particle size from about 10~ mm to about 0.3 mm, and
wherein the carbon 1s essentially free of hydrogen, silicon,
and sulphur.

7. A method as claimed in claim 1, wherein the particulate
carbon-containing substance includes particulate polytet-
rafluorocthylene.

8. A method as claimed in claim 1, the method further
comprising the step of providing a mixing zone adjacent the
high temperature zone, the mixing of step () occurring in
the mixing zone, the mixing zone being maintained at a
pressure of about 0.01 to 1.0 bar.

0. A method as claimed in claim 1, wherein the end
product further includes unreacted solid carbon-containing
particles, the method further comprising the steps of:

separating the unreacted solid carbon-containing particles
from the end product; and

recycling the separated carbon-containing particles for
mixing again in step (e).

10. A method as claimed in claim 1, wherein the cooling
of step (g) takes place within selected parameters, the
parameters being a selected cooling period and a selected
range of cooled temperatures, the cooled thermal mixture
being maintained within the selected range of cooled tem-
peratures for a selected time period, each parameter being
selected to determine the fluorocarbon compound of the end
product.

11. A method as claimed in claim 10, wherein the cooling
of step (g) occurs at a cooling rate of between 500 to 10° K/s,
the selected range of cooled temperatures being between
about 100 K. and about 1200 K., the end product including
at least one fluorocarbon compound seiected from the group
consisting of tetrafluoroethylene (C,F, or TFE), hexafluo-
roethane (C,F,), hexafluoropropene (C;F(), octatluoropro-
panc (C,Fg), and tetrafluoromethane (CkF, or carbon tet-
rafluoride).
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12. A method as claimed in claim 10, wherein the reactive
thermal mixture in step (g) is cooled from the specific
enthalpy of between about 2 kWh/kg and 3 kWh/kg to the
selected range of cooled temperatures in less than about 0.05
seconds, the selected range of cooled temperatures being

below about 800 K., the cooled thermal mixture being
maintained within the selected range of cooled temperatures
for a time period of at least about 0.01 seconds, to produce
tetratfiuoroethylene as the fluorocarbon compound of the end
product.

13. A method as claimed in claim 10, wherein the reactive
thermal mixture in step (g) is cooled from the specific
enthalpy of between about 2 kWh/kg and 3 kWh/kg to the
selected range of cooled temperatures in less than about 0.5
to 3 seconds, the selected range of cooled temperatures
being between about 800 K. and 1100 K., the cooled thermal
mixture being maintained within the selected range of
cooled temperatures for a time period of at least about 0.01
seconds, to produce hexafluoropropene as the fluorocarbon
compound of the end product. |

14. A method as claimed in claim 1, wherein the essen-
tially non-consumable electrodes are provided by a plasma
burner, the electrodes comprising an anode and a cathode
selected from the group consisting of copper, nickel, and
copper/nickel alloy electrodes, each electrode optionally
having an insert selected from the group consisting of
graphite and doped graphite, the electrodes being cooled to
and maintained at a temperature below about 1300 K.

15. A method as claimed in claim 14, in which the anode
consists of copper or a copper alloy and is cooled to and
maintained at the temperature below about 1300 K., and the
cathode consists of copper or a copper alloy with an insert
selected from the group consisting of graphite or doped
graphite and is intensely cooled to and maintained at a
temperature below about 800 K.

16. A method as claimed in claim 14, further comprising
the step of generating a vortex in the plasma.

17. A method for producing a fluorocarbon compound, the
method comprising the steps of:

(a) providing a high temperature zone by providing an
electrical arc between essentially non-consumable elec-
trodes;

(b) providing a mixing zone adjacent the high temperature
Zone;

(c) feeding an input gas stream containing at least one
fluorocarbon substance into the high temperature zone
and generating a thermal plasma in the high tempera-
ture zone, the thermal plasma having fluorine-contain-
ing species and carbon-containing species, the thermal
plasma having a molar C:F ratio, x, and a specific
enthalpy, y;

(d) controlling the molar C:F ratio, x in the thermal
plasma at a selected value between about 0.4 and 2;

(e) controlling in the high temperature zone the specific

enthalpy, y, of the thermal plasma between about 1
kWh/kg and about 10 kWh/ke;

(1) introducing a particulate carbon-containing substance
Into the mixing zone to mix with the thermal plasma
while maintaining the C:F ratio at the selected value to
form a reactive thermal mixture in which the carbon-
containing particles reach temperatures of between
about 2000 K. and 3000 K., the reactive thermal
mixture having reactive species including reactive fluo-
rine-containing precursors and reactive carbon-con-
tatning precursors, the reactive thermal mixture having
a specific enthalpy of not less than about 3 kWh/kg;
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(g) maintaining the reactive thermal mixture at the con-
ditions defined in step (f) for a time interval; and

(h) rapidly cooling the reactive thermal mixture in a
cooling zone in a manner to produce a product mixture
having at least one fluorocarbon compound.

18. A method as claimed in claim 17, wherein the essen-
tially non-consumable electrodes are provided by a plasma
burner, the electrodes comprising an anode and a cathode
selected from the group consisting of copper, nickel, and
copper/nickel alloy electrodes, each electrode optionally
having an insert selected from the group consisting of
graphite and doped graphite, the electrodes being cooled to
and maintained at a temperature below about 1200 K., the
high temperature zone being located in and around the arc of
each plasma burner, the mixing zone being located in an area
of a tail flame of the burner.

19. An installation for producing fluorocarbon com-
pounds, the installation comprising:

(a) a high temperature zone suitable for containing a
thermal plasma;

(b) a pair of essentially non-consumable electrodes for
creating an electrical area in the high temperature zone
for converting an input material fed into the zone into
a thermal plasma, the thermal plasma having fluorine-
containing species and carbon-containing species;

(c) an input material feed means for introducing an input
material into the high temperature zone;

(d) a mixing zone for allowing the thermal plasma to mix
with a particulate material to form a reactive thermal
mixture;

(e) a particulate material introduction means for introduc-
ing under controlled enthalpy conditions a particulate
carbon-containing substance into the mixing zone to
form the reactive thermal mixture, the reactive thermal
mixture containing reactive species including reactive
fluorine-containing precursors and reactive carbon-
containing precursors;

(f) a reaction zone means for permitting the reactive
thermal mixture to form a reactive thermal gaseous
mixture under controlled enthalpy conditions and with
a controlled C:F ratio, the reactive thermal gaseous
mixture containing reactive species including reactive
fluorine-containing precursors and reactive carbon-
containing precursors;

(g) a control means for controlling specific enthalpy and
the C:F ratio in the reactive thermal mixture; and

(h) a cooling means for cooling the reactive thermal
mixture in a controlled manner to produce an end
product containing at least one specified fluorocarbon
compound.

20. An installation as claimed in claim 19, wherein the
essentially non-consumable electrodes are provided in a
plasma burner, the electrodes being selected from the group
consisting of copper, nickel, and copper/nickel alloy elec-
trodes, each electrode optionally having an insert selected
from the group consisting of graphite and doped graphite,
the installation further comprising a cooling means being for
cooling the electrodes to and maintaining them at a tem-
perature below about 1300 K.

21. An installation as claimed in claim 20, in which the
anode consists of copper or a copper alloy and is cooled to
and maintained at the temperature below about 1300 K., and
the cathode consists of copper or a copper alloy with a
graphite 1nsert and is intensely cooled to and maintained at
a temperature below about 800 K.

22. An installation as claimed in claim 20, the plasma
burner further comprising a vortex generator for generating
a vortex in the thermal plasma in the high temperature zone.
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23. An 1nstallation as claimed in claim 20, wherein the
installation has three plasma burners with exit ports where
tail flames arc formed when the plasma burners are used, the
plasma burners being arranged with their exit ports directed
1INto a mixing chamber so that the tail flames extend into the
mixing chamber to form the mixing zone in the mixing
chamber when the plasma burners are used. |

24. An installation as claimed in claim 19, wherein the
particulate material introduction means comprises a hopper

30

capable of delivering to the mixing zone particulate material
having a particle size from about 10~ mm to about 0.3 mm,
the installation further comprising a heating means between
the hopper and the mixing zone for heating the particulate
carbon-containing substance before the particulate carbon-
containing substance enters the mixing zone.
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